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Abstract

Abstract
The boundary layer data system (BLDS) is the result of a collaborative effort between Dr. Westphal, a
researcher and instructor at Cal Poly, and Northrop Grumman. The BLDS is capable of measuring the
boundary layer profile and characteristics of flow over aerodynamic surfaces and is intended for high
altitude, high speed use. The instruments inside the BLDS malfunction at the low temperatures
present when operating in flight at altitudes above 30,000 ft.
To solve this problem, analysis was done on the existing BLDS which determined the heating
requirements, around 50 watts, needed to keep the internal temperature within the rated operating
range for the electronic components. Different methods to provide heat were investigated and it was
decided that the design would be a ducted axial turbine similar to a micro-ram air turbine (microRAT). This design was chosen due to the high potential for efficiency while reducing the weight and
size of the turbine. The micro-RAT was designed around a high efficiency generator which was put
through testing before the design was complete. The generator testing showed it was capable of
producing 350 watts, seven times the specified requirements. A second test was also performed
during the design phase to prove the concept of an axial turbine. A model airplane rotor was
attached to the generator and run in the wind tunnel. The test was ended before a maximum output
could be reached but the data collected proved the generator could perform at high speed and
enough power was available in the wind to meet the design requirement. To design the rotor
geometry, all parts were made in a rapid prototype machine and two sets of fifteen rotors were
created, each with different adjustments made to the pitch, chord, and number of blades. The rotors
were tested in the wind tunnel and the rotor with the best performance (projected power generation
of 65W at operating conditions) was selected. The final design was then cast in Inconel 718.
The following report explains the entire design process in detail. It describes and defends the analysis
methods chosen and explains the testing procedures and results.
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Chapter 1: Introduction
Sponsor Information
Northrop Grumman is a leader in aircraft design and to help them continue to produce cutting
edge designs they have partnered with Dr. Westphal to design a boundary layer data system
(BLDS). Dr. Russell Westphal is a professor at California Polytechnic State University (Cal Poly) and
an expert in fluid dynamics. The BLDS measures boundary layer characteristics on aircraft
surfaces during flight as well as other performance characteristics such as skin friction. The
information collected from the BLDS will be used to optimize performance of aerodynamic
surfaces.

Fig. 1 Current
BLDSBLDS
design.
[1]
Figure
1. Current
design

Problem Definition
The BLDS needs to function in all environments that the aircraft will experience which includes
high speeds, low pressures and extremely low temperatures. At certain altitudes the temperature
can reach down to -55°C, a temperature over 20°C below the rated operating temperature of
certain electronics and sensors integral to the performance of the BLDS. As a result, it reports
incorrect data at these low temperatures. To solve this problem, Dr. Westphal reached out to
Team AeroRAT and asked them to design, build, and test a heating system potentially powered
by a micro ram air turbine (micro-RAT). Team AeroRAT consists of three senior mechanical
engineering students at Cal Poly: Paul Scott, Drew Hutcheson, and John Hauge. The heating
device must function autonomously, maintain an internal BLDS temperature of -20°C or greater,
and be small and lightweight.
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Objectives and Specifications
Team AeroRAT has designed, built, and tested a prototype temperature control system for the
third generation boundary layer data system (BLDS) currently in use. The system specifications
were derived through Quality Function Deployment (QFD). QFD is an engineering tool used to
translate customer needs into quantifiable engineering specifications. The QFD chart can be
found in Appendix A. The resulting engineering specifications can be found below in Table 1
below. This table also includes the Risk and Compliance Method for each specification and is
accompanied by a legend in Table 2. The risk column indicates the difficulty of obtaining each
specification. For example, it will be more difficult to maintain the internal temperature above 20°C than it will be to ensure the operation of the devices at high altitude and therefore those
two specifications are give a high and low risk factor respectively. The compliance portion of the
table shows how each specification will be verified on the final design. The three methods listed
are analysis, which would be through straight engineering calculations, testing, or by simply
inspecting the device before it is put into use.

Table 1 Temperature Control System Formal Engineering Requirements

Spec. #
1
2
3
4
5
6

Parameter Description
Internal Temperature
Operating Temperature
Operating Altitude
Operating Wind Speed
Weight
Power Output

Target (units)
-20 °C
-55 °C
30,000 ft
400 ft/s
100 g
50 W

Tolerance
Min.
±15
Min.
Max.
Max.
Min.

Risk
H
L
L
L
M
H

Compliance
A, T
T
T
T
A, T
A, T

Table 2 Table 1 Legend

Risk Assessment
H = High Risk
M = Medium Risk
L = Low Risk

Compliance
Verification Factors
A = Analysis
T = Testing
I = Inspection

The system has been designed to maintain an internal temperature greater than -20°C for the
main measurement unit while measurements are being taken. This temperature has been set to
ensure that sensors and microcontroller can operate properly and necessary battery performance
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can be maintained and was obtained from the manufacturers rated minimum operating
temperature for the critical components. Our system will have to operate at a temperature of
-55°C and an altitude of 30,000 feet. The internal temperature design specification has been
marked as a high risk requirement because it may be difficult to attain. Some initial calculations
showed that at our design point, maintaining a 35° temperature difference between our circuits
and the ambient air temperature will require more than 500 Watts of power assuming the BLDS
has no added insulation. These sample calculations are described in detail in chapter 4 . The
power generated will come from the air flowing over the wing at a design speed of 400 feet per
second since there is no power available from any other source on the plane.
The main BLDS module is a small, lightweight, self-contained unit and as such our system will
share these same characteristics. The total weight of the BLDS unit combined with our
temperature control system shall not exceed approximately one pound. Due to the current
weight of the BLDS we are limiting the added weight for our heating and temperature control
components to 100 grams. Our intention is to provide a system that is able to attach to the preexisting unit; however, if the necessary constraints cannot be met we will provide the proper
supports so our system can be attached directly the wing. The constraints that are a major
concern pertaining to the placement of our system stem from its aerodynamic impact. The
adhesive used to attach the BLDS can safely secure 2/3 pound force per square inch of tape
attachment. Our system will be designed to produce only a minimal aerodynamic drag force such
that the area of adhesive does not need to be increased beyond present capacities. The
maximum dynamic force limit was never set. Also, we must consider air flow influence. The
temperature control system power unit has to have enough separation from the measurement
probes so that the flow over the wing is not disturbed at the measurement location.
The amount of power required to maintain a steady internal temperature greater than -20°C
during measurements cannot be quantified exactly until design has begun. However, we have set
what we believe to be a realistic minimum power generation requirement at 50 Watts. Power
output has been marked as a high risk specification along with the internal temperature because
they are directly related. The power output will allow our system to produce the necessary
temperature difference. Extracting the desired amount of energy from the wind may be a
problem while still considering the air flow influence and weight constraint. We will determine
the proper balance to fit the combination of these problems to design the system.
The compliance of our engineering requirements can be verified through a few different
methods. We will verify most of our system components by testing and analysis. The other typical
methods are inspection and similarity to existing designs. While we will inspect all of the parts of
our system, we will not be able to satisfactorily compare our system to existing designs due to
the fact that we are designing outside the normal range for a temperature control system.
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Ram Air Turbine
At the suggestion of Dr. Westphal, a micro ram air turbine (micro RAT) will be employed to power
a heating device placed on or near the circuit board inside the aluminum casing which will need
to be insulated. Ram air turbines are typically used as an
emergency power source on military and commercial airplanes
(See Figure 2). The power they produce is sent to the controls so
in the event of power loss, the pilot can still maneuver the
aircraft to a safe landing. They typically are around eighty cm in
diameter and can produce anywhere between five to seventy
kilowatts (kW). Common RAT’s can have many blades or as few
as two. On most aircraft, they are hidden from view and they
deploy from the fuselage in the same manner as the landing gear
when the plane experiences a power loss. RAT’s typically are
designed for only a single use since power loss is not common.
As a result, very little time is spent on their design compared to
other turbines and there is not an extensive amount of published
material or sources to assist us in our research.
Figure 2 Typical RAT on Airplane

A ram air turbine that is small enough for our application is not readily available. Our estimates
gauge the size of the turbine to be just a couple of inches in diameter. All of our efforts to identify
a pre-designed turbine of that size for an air speed and altitude design point even close to ours
have been unsuccessful. There are not many applications that would require less than 50W at
such high air speeds and altitudes. Through our searching we have found one source that we
believe might be of some benefit to our design. We
found a company named Kolibri located in Germany
who makes a very small jet engine. We believe we
can take the concepts from their jet engine turbine
(See Figure 3) to give us a starting point for our
turbine in the micro RAT. We are in the process of
communicating with them with hopes of building a
beneficial relationship. Their turbine has twenty
blades and is designed to run at speeds between
95,000 and 243,000 rpm. We believe this might be a
little bit higher speed than our application requires
and will need to do a proof of concept to see if the
Figure 3 Miniature Turbine Rotor
design is applicable.
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Heating Element
For the heating element we have researched the use of a heating strip (See Figure 4). We have
not found many other options that are as versatile as heat strips. They have efficiencies in the
90%-100% percent range and are available in many sizes and
power ratings. Our initial research revealed that this will
probably be one of the last things specified due to their high
availability and variety. It will be much easier to design this
part of our design around the other parts then the other parts
around the heating element. Although “strip” implies a
straight shape, they are also available in flat circular rings
among other unique shapes that we could potentially utilize
Figure 4 Sample Heating Element
to meet our specifications for weight and size.

Insulation
The third part of this design is to find a way to insulate the instruments. The current casing design
is made of aluminum and has an open bottom. At the high speed and low temperature of our
design point, the casing currently acts like a heat sink. Our challenges will be to reduce the airflow
across the circuitry due to the open bottom of the casing and to thermally separate it from the
aluminum in the best way possible. We have looked into many insulation options including
replacing the entire casing with a less thermally conductive carbon fiber which can have
coefficients of thermal conductivity as low as 0.22 W/m²K to insulation bags to foams.
Redesigning the casing would increase the chance that we would have to go through the flight
readiness review process again. The flight
readiness review is the procedure that
must be followed if any part of the aircraft
is manipulated. In this case, the device
would be brought before a group of judges
and an argument would have to be made
that it will not put the pilot or aircraft in
danger. That process has already taken
place for the existing device and according
to our sponsor; major changes to the
weight, appearance, and particularly to the
material of casing would require the
redesigned instrument to go through that
process again. Our goal is to avoid this if at
Figure 5 Conceptual Carbon Fiber Faring Design
all possible.
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Other insulation materials were also found with thermal conductivity coefficients similar and
better than the carbon fiber. Our final product will probably involve several different materials
but some kind of foam seems the most feasible since it is a great insulator, but it also greatly
reduces the airflow through it. The advantage to strictly insulating and not changing the casing
would be that we could avoid changes to the already approved casing design. Another insulation
option is just a layered insulation bag. Again, using a bag would serve as a duel function as it
would reduce the airflow inside the casing, particularly around the electronics as well as
providing insulation. We have looked into even layering several bags inside each other which
would maximize the insulation effect of the bag. Unfortunately it is not a possibility to seal the
bags which completely eliminate the problem of air flow over
the electronics due to protruding sensors and
altitude/pressure changes. Insulating foams are also very
common and research has indicated finding a suitable
material will not present a problem. There is a wide range of
densities and thermal conductivities. Foam is probably
another consideration that would be designed last. We
expect that our final design will involve a mixture of these
ideas and techniques since they all have different strengths
and weaknesses.
Figure 6 Various Insulation Materials
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At the beginning of the project, team AeroRAT was given a rough idea by Dr. Westphal of what the
final product might look like. It would contain a micro-RAT generator/turbine and a heating source.
We knew that these were likely solutions to the problem but we ran a couple of brainstorming
sessions to try and think of new ideas that might be a more efficient way of completing the specified
task. We broke the brainstorming up into three categories: harnessing the wind energy, converting
the resulting mechanical energy to electrical power, and insulating the device. In the first
brainstorming session the team wrote the topic on a large sheet of paper and came up with all of the
ideas we could think of. This more traditional form of brainstorming produced a long list of potential
solutions including more than ten different means of harnessing wind energy, most of which were
unique turbine designs and not all of them practical. In the second session we used a random word
generator to help inspire innovation. The team tried to think of all of the ways the topic subsystem
could potentially relate to the random word. We found words like “caravan” and “salt” hard to relate
to our topic and did not yield as good of results as the first session. Nearly all of the ideas from the
second session got thrown out due to impracticality. From combining the results from the
brainstorming session we created a master list of ideas. We then went through and selected the
ideas had the most potential. We took those ideas and created design matrices for each subsystem,
the results are discussed below. The subsystems not analyzed via decision matrix (heat source and
controller) had a clear choice that did not warrant a full decision matrix.

Rotor
The table below is a design matrix for the wind harnessing subsystem. It contains five different
styles of rotor design. All of the evaluation criteria were weighted based on how important each
criterion was compared to the rest. The sum of the weights adds up to 1.00. A vertical axis
turbine was chosen as the datum arbitrarily. All other turbine concepts were compared to the
datum. Pictures for the different types or rotors can be seen in Figure 7. For the normalized sum,
each design was given two times the weight value for the criteria for a +1, the exact weight value
for an S, and no points for a -1. Using this summing convention, the datum receives a 1.00 so
anything higher than that is considered a better design and lower than that will not meet the
criteria as well as the chosen datum.
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Figure 7 Rotor Concepts

Centrifugal

Screw

Paddle Wheel

Weight
0.30
0.10
0.15
0.05
0.15
0.10

Axial

Evaluation Criteria
Power Requirement
Durability
Manufacturability
Ease of Design
Size
Weight
Compatibility with a
Generator
Operating Wind Speed

Vertical Axis

Table 3 Design Matrix for Rotor Selection

S
S
S
S
S
S

S
+1
+1
+1
+1
S

S
+1
S
+1
S
S

-1
+1
+1
S
-1
-1

S
+1
-1
-1
S
-1

S

+1

+1

S

+1

S

S

S

-1

-1

Normalized Σ of +1
Normalized Σ of -1
Normalized Σ of S

0.00
0.00
1.00

1.00
0.00
0.50

0.40
0.00
0.80

0.50
-0.65
0.10

0.30
-0.40
0.45

Σ

1.00

1.50

1.20

0.60

0.75

0.05
0.10

Page14

Team AeroRAT

Chapter 3: Design Development

According to our choices in this design matrix, the design that most effectively meets our
specifications is the axial rotor. It received a score of 1.50 which was 0.30 better than the second
best design and got a total of five +1’s with no -1’s. The fact that most wind turbine designers
have adopted this design as well was a good indication that it would receive the highest score.
The other design to investigate is the paddle wheel design. Although its score was significantly
lower, it received no -1’s so it might also be a valid design.
The most critical criterion is the design’s ability to meet the power needs of the system. If the
design cannot meet that specification than the entire system will fail to meet the overall goal of
heating the BLDS. Other important criteria were manufacturability, size and weight. We felt that
regardless of what turbine design we choose, there are no set equations or theories that will give
us a perfect rotor design the first time and it is an area involving a lot of research and testing with
equations only to guide us. Due to this fact we realize that we may end up and having to build or
buy several different rotors which makes it important to have a rotor that can be built without an
extensive amount of equipment or long ordering/shipping times. Size and weight are reoccurring
specifications also received high weightings. Several of these designs could meet the power
requirement, but would require very large spaces or excessive amounts of the material which is
not appropriate for our design.

Generator
The second subsystem we analyzed was the generator. The generator converts the mechanical
energy output from the rotor into electrical energy required by the heating element. Our
brainstorming efforts to find new ideas for this design were very limited and our design matrix,
Table 4, is more of a result of our curiosity and research. There are very few unique ideas we
could come up with so we explored three different options involving using a small electric motor
and running it “backward,” producing electrical current by rotating the motor shaft. Our research
presented us with three different types of motors that would potentially fit our design; a
standard DC motor, an AC motor, and a brushless DC motor. The design matrix on the next page
investigates those options.
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S
S
S
S

Normalized Σ of +1
Normalized Σ of -1
Normalized Σ of S

0.00
0.00
1.00

Σ

1.00

+1
S
S
-1

AC

Weight
0.10
0.25
0.25
0.40

DC

Evaluation Criteria
Cost
Size
Weight
Efficiency

Brushless DC

Table 4 Design Matrix for Generator Selection

+1
S
S
-1

0.20 0.20
-0.40 -0.40
0.50 0.50
0.70

0.70

It was difficult to weigh many possibilities for our current application because our scale is so
much smaller than any typical application. The brushless DC motor was chosen as our datum for
the matrix and also received the highest score. There were not many criteria involved with the
generator since it is likely that the entire assembly will be purchased off the shelf which
eliminates the need for more detailed means of comparison. The most important factor for
selecting the motor is the efficiency. Using an engineered device in a way that it was not designed
to be used, like running a motor to produce an electrical current, typically is not very efficient.
The brushless DC motor had the greatest efficiency of close to 70%. Size and weight were again
important factors but are not as important in this case since the specification calls for a combined
size and weight limit, so these criteria can be traded between the subsystems.
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Figure 8 represents a possible axial turbine rotor and stator assembly to be coupled with a
generator within the fairing. The rotor is green and denoted by arrow 1. The stator is orange and
denoted by arrow 2. Permanent magnets can be attached to the rotor shaft to excite the coils of
a DC motor. Arrow 3 locates the cavity in which the DC motor could possibly be placed and used
as a generator.

Figure 8 Rendering of Possible Turbine/Generator Assembly

Insulation
One of the most unexpected but important subsystems in this project is a way to contain the heat
generated by the heating element inside the fairing. Early on in our research we found there was
not going to be a way around adding insulation of some type to the current device. During the
teams brainstorming session on insulation, a list of over twelve different insulation solutions was
created; many of them had potential as viable options. The insulation problem does not end with
selecting the correct material but the current fairing design barely has enough room for the
electronics and instrumentation to fit inside without any insulation. In an attempt to address
both of these related problems in one design matrix we chose to keep it simple. We chose to
compare two solutions which could potentially work with the current housing, the use of plastic
bags for insulation and the reduction of air flow and either loose or layered foam with low
thermal conductivity. The third option, a new fairing, encompasses several options which would
require a redesign of the fairing including the materials which could range from carbon fiber to
plastics. Figure 9 contains a model of the BLDS with the current fairing, circuitry, and battery
pack. Arrows 1 and 3 point to simulated potential foam insulation that will reduce heat losses as
well as limit air flow around the main components. Arrow 2 locates the heat strip which will be
placed beneath the battery pack and circuit board to heat the interior. The fairing in the figure
has been enlarged by 25% in order to accommodate the insulation. There is currently very little
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space inside to contain the insulation and a method that utilizes a chosen insulation with the
current fairing size has not been designed yet.

Figure 9 Exploded view of BLDS and Insulation
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New Fairing

Weight
0.05
0.35
0.20
0.10
0.30

Foam

Evaluation Criteria
Low Cost (Time and $)
Minimize Airflow
No Design Review
Ease of Use in Service
Low Thermal Conductivity

Plastic Bags

Table 5 Design Matrix for Insulation Selection

S
S
S
S
S

-1
-1
S
+1
S

-1
+1
-1
+1
+1

Normalized Σ of +1
Normalized Σ of -1
Normalized Σ of S

0.00
0.00
1.00

0.20
-0.40
0.50

1.50
-0.25
0.00

Σ

1.00

0.70

1.50

The clear high score resulting from this matrix was the new fairing approach. Redesigning or
expanding the fairing can be combined with other insulation methods to further improve the
insulating capabilities. As the project has progressed, our sponsor, Dr. Westphal, has requested
that insulation and redesign of the fairing be removed from the scope of the project. Team
AeroRAT realizes the importance some kind of altercation or addition to the faring of and have
chosen to include this section as a recommendation for a future or additional project.
Team AeroRAT has determined through the aforementioned methods of concept generation and
selection that the best solution is to use an axial flow micro RAT to harness wind energy and
concert it to electrical energy via a brushless DC motor used as a generator. The electrical power
output will be used to power a strip heater beneath the circuit board in the BLDS housing. The
controller used to maintain the specified temperature has yet to be established and will be
determined after further research. Some form of fairing modification will need to be
accommodated to admit insulation.
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Proof of Concept Testing
RAT Test: Wind Tunnel
The RAT test has been set up to verify the power output we can expect to receive from the Maxon
Brushless DC Motor we have chosen to use. We intend to run the motor backward in the sense that
we will input mechanical power from our micro RAT to cause the motor to output electrical power to
our heating device. This test required the motor, a rotor blade to produce the mechanical power, and
a load to receive the electrical power. We conducted our RAT test in the Cal Poly wind tunnel. We
manufactured a bracket to secure the motor assembly on the sting mount within the wind tunnel as
well as adapters to fit each propeller to the motor shaft. We formed our load from four 100 ohm
resistors connected in parallel giving us an equivalent resistance of 25 ohms. The resistance of the
load used is larger than the actual load we anticipate form the heat strip we purchase (about 10
ohms) because the rectifier and controller in our final system will also contribute to the resistance.
The motor assembly can be seen below in the bracket on the sting mount in figure 10. Figure 11
shows the measurement devices from the RAT test.

Figure 10 Motor Assembly in Wind Tunnel
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Figure 11 Wind Tunnel Display Unit and 2 Multimeters

For this test we planned to test the motor with four different model airplane propellers acting in
place of our turbine blisk that we are currently designing. The model airplane propellers were larger
than the turbine we intend to design because the wind tunnel cannot produce wind speeds as high as
our system will experience in use. A larger propeller can produce more power at lower wind speeds,
thus allowing us to reasonably test our motor. However, we were only able to test two of the four
because the second propeller failed at the base of one of the blades. We believe the propeller failure
caused an imbalance in the motor shaft which subsequently sheared and the front section of the
motor was thrown to the back of the wind tunnel. The motor shaft sheared right near the rear
bearing and the wires were severed, but the magnets, coils and bearings are still completely intact.
There is a screen between the test section and the fan in the wind tunnel that prevented our parts
from being destroyed by the fan. We are trying to determine if the motor will be salvageable. The
parts collected from the wind tunnel are shown below in figure 12.

Figure 12 Broken propeller blade, front section of motor, rear section, mounting bracket
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We recorded data for the motor at six different speeds for each propeller but could not fully record
the last data entry for the second propeller due to its failure. The data collected from this test can be
seen in Appendix F. The wind speed in the wind tunnel is controlled by the frequency of the fan
which ranges from 0 to 60 Hz. We began measurements at 10 Hz and proceeded at intervals of 5 Hz
up to 35 Hz. The wind speed is calculated from a pressure reading that comes from a pitot tube in the
test section of the wind tunnel. The pressure reading, along with the drag produced our test
apparatus, is displayed on a unit integrated with the wind tunnel. We can use the drag measurement
to determine the thrust produced by the rotor. We used two multimeters to simultaneously measure
the voltage, current, and frequency of the electric signal produced by the motor. We were only able
to measure across two of the three phases so the data will need to be converted.

Generator Test: Die Grinder
After analyzing the data from the wind tunnel test, we determined that there was not enough useful
information to accurately determine a shaft speed design point for our rotor design. In the wind
tunnel test we had run the three-phase, AC motor under an unbalanced load which did not give us an
accurate representation of the generator output. The lack of useful data led us to run a similar
generator test using an air-powered die grinder to spin up the generator.
For this test we used a similar set up but this time we included a rectifier that we had specified to
handle our estimated voltage and current. The rectifier converted three-phase AC power output
from the motor into a DC signal which will be used to power the film heater (simulated by a series of
resistors in our test). A schematic of the test set up can be seen in Figure 13 below.

Figure 13 Generator Testing Schematic
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Figure 14 Generator Testing Setup

The generator was run at a variety of speeds and the voltage, current and motor frequency was
measured at each point. The results from the test can be seen in Appendix F, and Figure 15 below is
the graph of generator power output at a given shaft speed. The test was run with two different
resistor loads, 12.7Ω and 10.1Ω to give us an idea of how the generator responds under different
loads and will give us an idea what resistance to specify when specifying the film heater.
Although the testing did validate that this motor will provide an abundance of energy for our
application, the speed we'll need to operate it at is still in question. Originally, we hoped to use the
vendor's data sheet to determine important values such as the motor's Speed (rpm/V) and Torque
Constants (mNm/A). However, our recent testing has proven that when operating the motor as a
generator, the output power is much greater than the data sheet would suggest. This is of great
cause for concern, as we will need to design the rotor geometry such that the blades will not
aerodynamically stall (due to too much required mechanical rotor torque). We need to determine
the Torque and Voltage Constants (for when the motor is used as a generator), which we hope to
determine by powering our motor with a motor that has known Torque/Voltage constants. From this
information, in correlation with information regarding the maximum achievable aerodynamic torque
we'll be able to obtain from the rotor without stalling, we can then determine the proper operating
speed of the motor. This is because the motor's resistance to turning (required torque) correlates to
the amount of current flow (Torque Constant), which is controlled by the resistance of the heating
element, and the output voltage corresponding to the output shaft speed. The maximum speed is
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not a limitation for us, as this motor has been successfully operated at 150,000 rpm with no
noticeable damage to the rotor (provided we use ceramic bearings). Our design limitation will be the
maximum torque (and corresponding motor current flow) that the rotor blisk will be able to provide.
Once we determine the maximum current and voltage, we'll know how much power we'll be able to
provide to the heating element.
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Figure 15 Generator Test Results
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After completing the design matrices and selecting an initial concept, we investigated engineering
approaches using equations that might support the chosen concept. There were three main
models that we felt would help in the design process. The first step was to determine the amount
of heat that would be lost through the casing of the device. To estimate those numbers we
applied a flat plate, thermal resistance heat transfer model that gave the estimated amount of
heat lost. Using the estimated amount of heat required, we determined an initial rotor size with
the help of Dr. Westphal and verified the selection using the Actuator Disk Theory. The necessary
equations for Actuator Disk Theory, Blade Element Theory and all associated restrictions were
provided by Dr. Westphal. Samples of these calculations can be seen in appendices C and D
respectively. This theory models the rotor as a solid disk and produces the maximum power
output of an ideal rotor of the specified size and wind speed. Next we conducted a Blade Element
Theory analysis, which designates the appropriate turbine design for the specified conditions. We
used this tool to gain information on turbine design and what factors are affected by which
conditions since we were still hoping to find an off-the-shelf rotor that will perform in the
specified environment. We also determined the operational shaft speed for the motor to run at
maximum efficiency and developed a generator curve which indicated the output power at a
given RPM. The results were used to develop certain specifications as well as give us an idea on a
starting point for our design. Some of the results can be seen below in Table 6.
Table 6 Analysis Results

Specification
Heat Lost
Rotor Diameter
Low Solidity Rotor Power Output
Shaft Rotational Speed

Analysis
Flat Plate Analysis
Actuator Disk Theory
Blade Element Theory
Generator Curve

Result
23.3 W
30 mm
4.9 W
40,000 RPM

After conducting the analyses mentioned and a search for available turbine rotors, we no longer
expect to find a product we can purchase. We have resolved to design our own turbine in the
fashion of a single stage high pressure gas turbine. We received some assistance on the turbine
design topic from Professor Patrick Lemieux who suggested a few references that may guide our
design. We are currently educating ourselves in the subject of gas turbine blisk design so that we
may develop effective rotor geometry.

Heat Transfer
The first analysis performed was a heat transfer analysis of the fairing using several different
scenarios. The calculations can be seen in Appendix B. The system was modeled as a flat plate
with a temperature difference between the inside and the outside of the casing/insulation
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combination of fifty degrees Celsius. We used the method of thermal resistance to find how
much heat would be lost for both the bare fairing with no insulation and an insulation
combination of two sheets of plastic 0.5 mm thick containing about 1.0mm of still air. In the
thermal resistance model, a temperature difference between the inside and outside is
established and the thermal resistance of each separating material is determined. The resistance
network we used in our analysis is shown in Figure 16. The resistances are analyzed similar to an
electric circuit which in this case was in series. The plastic insulation/still air configuration was
chosen to represent the addition of air-based insulation. The results showed that nearly 190 W
would be lost if no insulation was present. Our experience and research suggested that this value
is unattainable given the size and weight limitations for our turbine and generator. The results
also showed that the aluminum casing is nearly thermally transparent with a thermal resistance
of only 0.0003 Kelvin/Watt (K/W). The low thermal resistance comes from aluminum having such
a high coefficient of thermal conductivity, 250 W/m·K which is extremely high compared to
plastics, foams and other insulating materials which typically have a coefficient of less than 1.00.

Figure 16 Thermal Resistance - Heat Transfer

In a meeting with Dr. Westphal, team AeroRAT had discussed the use of potentially using an
insulating plastic bag which would serve to reduce heat transfer to the cold air outside the case
but also minimize air flow, or convection, over the electronics. One of the problems identified
early on was the ability of air to easily penetrate the fairing and move freely inside the case. As a
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result, insulation would need to aid in reducing airflow within the case. We attempted to model
this situation by doing the same thermal analysis that was done for the no insulation case but
adding 1.00 mm of insulating plastic with a coefficient of thermal conductivity of 0.5 W/m·K and
1.00 mm of still air with a coefficient of 0.0204 W/m·K. Running through the same process
resulted in a heat loss of 23.3 W.
The flat plate model that we used in the heat transfer analysis does not accurately represent out
system and was only used to present an estimated target for power production. Also, since the
air within the actual case will not be completely still and thus will contribute some heat loss due
to convection, we came to an agreement with Dr. Westphal to set our heat generation goal to 50
Watts.

Actuator Disk Theory
The next preliminary analysis we conducted pertained to sizing our rotor. We utilized Actuator
Disk Theory to estimate the performance possibilities of our rotor selection. The necessary
equations for Actuator Disk Theory, Blade Element Theory and all associated restrictions were
provided by Dr. Westphal. The calculations for this analysis can be found in Appendix C. The
theory assumes an infinitely thin disk that presents no resistance to the approaching wind. This is
a one dimensional analysis that assumes the oncoming flow is incompressible, steady, and
uniform. Also, the pressures far upstream and far downstream of the rotor are assumed to be
equal to atmospheric pressure. Clearly, the conditions our rotor will experience will not match
these ideal assumptions, and as such we understand that the values attained through our
Actuator Disk calculations are only a starting point. Moreover, these calculations are
representative of a bare rotor and we have discussed using a ducted rotor for our system. We
applied the Betz Limit to our analysis, which states that the maximum efficiency of any wind
turbine is 59.3%. The maximum efficiency occurs when the ratio of the flow downstream of the
rotor and the flow approaching the rotor is 1/3. Through Actuator Disk analysis we determined
that at our design point air speed there is 310 W available in the wind for a 30mm diameter
turbine. Also, we can ideally expect to produce 183 W with our wind turbine. The ideal value for
power production is more than three times the target. Excess power availability allows for losses
due to actual conditions such as unsteady flow and the presence of a hub in the center of the
turbine swept area.

Blade Element Theory
Blade Element Theory is used to analyze singular elements of turbine blades. Blade Element
Theory is an iterative process that helps to determine the most effective taper, twist, and pitch
combination for turbine blades. For each element the blade angle, radial position, radial length,
chord, as well as flow conditions must be specified. The results of each element from the center
of the turbine to the tip are summed to estimate the overall torque and thrust present under the
stated conditions. Blade Element Theory requires the same flow assumptions as Actuator Disk
Theory and requires low solidity to be accurate. Solidity is the product of blade chord and
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number of blades divided by the circumference of the swept rotor area. Blade chord is the width
of the blade. The power of a particular turbine can be calculated by multiplying the summed
torque resulting from blade element analysis by the rotational speed of the rotor.
We conducted a blade element analysis for a 30 mm diameter rotor on a single element. We
chose an element at 10.5 mm with a chord of 4 mm with a 60 degree blade angle. These
parameters gave us our desired lift to drag ratio. After multiple iterations for a 3 and 4 blade
rotor at 50,000 rpm we found power for this element to be 3.9 W and 4.9 W respectively. The full
results can be found in Appendix D. We concluded that we will not be able to generate enough
power from a low solidity rotor and met with Professor Patrick Lemieux to discuss high density
turbines.

Generator Output
Next, we performed motor shaft speed calculations based on the motor power and efficiency
curves. We performed our calculations based on the nominal values for continuous operation of
the motor at maximum efficiency. The calculations can be found in Appendix E. According to the
vendor information and our subsequent calculations, we would need to operate the motor at
about 21,000 rpm to achieve maximum efficiency.
However, According to the manufacturer, the rotational speed at maximum efficiency is not the
same as the rotational speed at maximum power output. We've conducted some testing to
determine the optimum shaft speed required to achieve our desired output. The testing
procedure is discussed in Chapter 7 of this report. The results of our test, while giving us more
data about the potential output of the motor, have not yet provided us enough information to
choose a specific operating speed. The generator shaft speed will need to meet or exceed our
power output specifications to reduce the amount of required insulation that will be part of the
final BLDS design.
After completing the design matrices and selecting a rough concept, we investigated engineering
approaches using equations that might support the chosen concept. There were three main
models that we felt would help in the design process. The first step was to determine the amount
of heat that would be lost through the casing of the device. To estimate those numbers we
applied a flat plate, thermal resistance heat transfer model that gave the estimated amount of
heat lost. Using the estimated amount of heat required, the team determined an initial rotor size
with the help of Dr. Westphal and verified the selection using the Actuator Disk Theory. This
theory models the rotor as a solid disk and produces the maximum power output of an ideal
rotor of the specified size and wind speed. Next we conducted a Blade Element Theory analysis,
which serves the purpose of designing a turbine blisk appropriate for the specified conditions.
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Thermo Couple
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Battery Pack

Figure 17 BLDS Heating System assembly
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Figure 17 shows an exploded view of our heating system assembly and the BLDS unit. The
configuration displayed above is the final concept that was built with one slight modification noted in
the turbine blisk description. Arrow 1 designates the turbine cowling, shown transparent to allow
viewing of internal components, including the generator and turbine blisk. Arrow 2 points to the
BLDS unit top cover. Arrow 3 shows the power controller that controls the film heater indicated by
arrow 4. The controller operates according to temperature readings taken by the thermocouple
indicated by arrow 5. Arrow 6 points to the current BLDS case. Arrows 7 and 8 show the BLDS
circuitry and battery pack respectively. Descriptions of the components of our heating system follow.

Generator

Figure 18 Maxon Brushless DC Motor Section View

The generator in our heating system is used to convert mechanical energy generated by the turbine
blisk to electrical energy that power’s the heat strip placed in the BLDS. We have purchased a Maxon
Brushless DC Motor and are running it in reverse to act as a generator. A cross section of the motor is
shown in Figure 18. The motor can be seen in the center of the housing in its nacelle in Figure 17. For
our final design, we have removed the bearings and permanent magnets. The magnets are set on our
blisk shaft and new ceramic bearings placed in the cowling nacelle. We chose this motor because it
has a relatively high efficiency compared to other motors/generators of its size. The motor is
designed to convert electrical power to mechanical power, and can do so at an efficiency of 85%, but
by supplying it with mechanical power through its shaft we can generate electrical power. By testing
the motor as a generator we determined it could achieve a similar efficiency which was important in
order to reduce the demand from our turbine blisk. When the shaft rotates the magnetic field
associated with the magnets connected to the shaft causes a flux in the copper coils wound around
the outer edge of the motor casing. The coils are orange in the section view above. The flux in the
coils produces a current that is sent to our heat strip.
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Turbine Blisk

Figure 19 Turbine Blisk

The turbine blisk is the most vital component of our entire heating system. The rotor was completely
designed by team AeroRAT since we were not able to find anything commercially available that could
meet our needs while meeting our size and weight constraints. A model of our turbine blisk can be
seen above in Figure 19 and its placement should be noted in Figure 17 in the rear of the turbine
cowling. Since the group had very little experience designing rotors of this type, we designed based
on testing rather than strictly analytically. We based our design on a single stage high pressure gas
turbine and used that concept as our starting point. Since the analysis of this type of rotor is
extremely complex, we used blade element theory to estimate the power output of the rotor. Blade
element theory is limited to low solidity rotors and is assumed to be inaccurate for high density
rotors so testing was required to verify the performance of our design. Based on our starting point,
we designed fifteen different rotor geometries by varying the blade chord, pitch and number of
blades. The rotors were then rapid prototyped and tested in a wind tunnel at speeds up to 115 miles
per hour. The power output was recorded and extrapolated to the operating conditions. The best
performing rotor was chosen. For a more detailed explanation of the test, see Chapter 7 – Test
Descriptions.
The rotor has a central hub nearly the same diameter as the motor compartment and short blades
formed from the appropriate National Advisory Committee for Aeronautics (NACA 6512) profile. The
hub also acts as a diffuser for exiting air. The turbine blisk was cast with an integrated shaft that
replaces the motor shaft. The rotor requires a balancing disk to ensure the stability at rotational
speeds up to 60,000 rpm.

Page31

Team AeroRAT

Chapter 5: Final Design Description

Turbine Cowling

Figure 20 Turbine Cowling Section View

The housing for our motor turbine assembly, or cowling, was designed with many factors taken into
consideration. A section view of our current concept is shown in Figure 20. Firstly, as the outer
element of our system, the turbine cowling must be made to fit the motor turbine assembly as tight
as possible and its nose must be formed aerodynamically in order to reduce its drag force. Secondly,
the turbine cowling is responsible for directing air flow to the turbine blisk. Also, the turbine cowling
encases the motor while providing a path for the wiring to exit the turbine cowling to connect to the
controller and heat strip. The turbine cowling is cylindrical and has a central compartment that
houses the motor. The compartment has a smooth conical nose and serves a secondary purpose to
reduce the cross sectional area, thus increasing air velocity. The rear of the compartment has a
threaded section for a retention plug to secure the generator. The compartment is supported in the
front by three elliptical supports, one of which is hollowed out so that the motor wiring can reach the
exterior of the turbine cowling. The compartment has many supports at its rear that act as guide
vanes, straightening the flow into the turbine blisk.
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Mounting Plate

Figure 21 Mounting Plate

The mounting plate shown in Figure 21 has been formed to match the shape of the turbine cowling
and is attached to the bottom with six set screws. The feet on the mounting plate mount to the top
of the BLDS unit as shown in Figure 17 with four screws. One leg of the mounting plate has been left
hollow so that the motor wiring can traverse though the plate into the BLDS unit.

Controller

Figure 22 Power Controller and Wiring Diagram
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The controller is a commercially available part that has yet to be selected. A controller CAD model is
labeled in Figure 17 by arrow 3 and an actual controller and its wiring diagram are shown in Figure
22. The selection of a controller is not entirely trivial, but it has been forgone in an effort to focus on
more important issues like the design of the turbine cowling and turbine blisk. The controller will be
fit inside the BLDS unit near the heat strip or it may be integrated into the heat strip. The purpose of
the controller is to supply current or block current from the film heater in order to maintain a nearly
constant internal temperature within the BLDS while it is recording data. The controller works much
like a modern thermostat in a building air conditioning system. The selected controller is part number
CT325 available online at Minco. The controller was not purchased due to minimum order value.

Film Heater

Figure 23 Flexible Film Heating Element (CAD model and actual)

The film heater shown in Figure 23 is responsible for increasing the internal temperature of the BLDS.
One possible placement of the film heater is depicted in Figure 17 labeled by arrow 4. The film heater
will be purchased and can be made to fit our exact geometry. The selected film heater will be a thin
sheet laced with resistance wires that convert the electrical energy from the motor into thermal
energy. The heat generated by the film heater counteracts the heat losses due to convection and
conduction through the air. Many film heaters have been investigated and from testing we
determined the appropriate resistance to achieve max power at the operating point to be
approximately 12 ohms. Since rotor speed is also linked to the resistive load of the film heater, it is
important to specify a resistance that will limit the speed below a critical level. Our initial film heater
selection is part number HK5447R20.2L12A available online at Minco. The heater was not purchased
due to minimum order value.
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Figure 24 Exploded micro-RAT Final Assembly

Figure 24 shows the CAD model of all the components of the micro
micro-RAT.
RAT. The minor components,
such as the ceramic bearings and balancing ring, did not warrant a section due to their simplicity.
Detailed drawings for the key components of our heating system can be found in Appendix G.
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Cost Analysis
Table 7 shows the bill of materials (BOM) for the complete assembly. The BOM presents the
necessary parts for our entire system with associated costs.
Table 7 Bill of Materials
Bill of Materials
Part Name

Qty

Description

Material

Turbine Cowling

1

Housing for Generator and
Turbine

Turbine Blisk

1

Turbine Rotor with Shaft

Mounting Plate

1

Attaches micro-RAT to BLDS

Generator

1

Maxon Brushless DC Motor
(232241)

Inconel
718
Inconel
718
Inconel
718
As
Supplied

Controller

1

Minco Temperature
Controller (CT325)

Film Heater

1

Retaining Ring-internal

Manufacturing Method

Cost

Investment Casting
Investment Casting

Vendor
Rapid ProtoCasting Inc.

$2,500

Investment Casting

Rapid ProtoCasting Inc.
Rapid ProtoCasting Inc.

As Supplied

$300

Maxon Motor

As
Supplied

As Supplied

TBD

Minco

Minco Flexible Heater
(HK5447R20.2L12A )

As
Supplied

As Supplied

TBD

Minco

1

Steel Retaining Ring 5mm
Shaft Dia.

18-8 SS

As Supplied

$4.18/100

McMaster Carr

Retaining Ring-external

1

Steel Retaining Ring 10mm
Bore Dia.

18-8 SS

As Supplied

$4.52/100

McMaster Carr

6-32 UNC Flathead Screw

6

6-32 UNC x 0.25 (92210A144)

18-8 SS

As Supplied

$4.63/100

McMaster Carr

8-32 UNC Flathead Screw

4

8-32 UNC x 0.375
(92210A192)

18-8 SS

As Supplied

$5.65/100

McMaster Carr

4-40 Set Screw

6

4-40 Cup Socket Set Screw
(92311A102)

18-8 SS

As Supplied

$3.69/100

McMaster Carr

Total:

$2,822

*Controller and heater prices are unknown because Minco will not produce a quote for a single order.

The justification for component selection in the above BOM is as follows:
Turbine Cowling, Turbine Blisk, Mounting Plate: These components are all cast from Inconel
718. The casting process was chosen due to the extremely complex geometry required for
these parts. It would be difficult, if not impossible, to design these parts for efficient
operation and manufacturing without the use of casting. Inconel 718 was chosen due to its
high strength to weight ratio and corrosion resistance as shown in Table 8. The parts can be
cast from aluminum to reduce weight since the Inconel product will not meet the 100g
specification.
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6061-T6
Aluminum

Inconel 718

Weight
0.45
0.40
0.10
0.05

17-4
Stainless
Steel

Evaluation Criteria
High Strength
Low Weight
Corrosion Resistance
Low Cost
Normalized Σ of +1
Normalized Σ of -1
Normalized Σ of S
Σ

Mild Steel

Table 8 Turbine Material Decision Matrix

S
S
S
S
0.00
0.00
1.00
1.00

S
S
+1
+1
0.30
0.00
0.95
1.25

-1
+1
+1
+1
1.10
-0.45
0.00
1.1

+1
+1
+1
-1
1.90
-0.05
0.00
1.90

Motor/Generator: This component was primarily chosen due to its extremely high
size/weight to power output ratio. Testing was done on this generator to ensure it met
output requirements at the operating conditions.
Power Controller: An off-the-shelf heater power controller was selected based on minimum
size and capacity to control the heater.
Flexible Film Heating Element: This type of heating element was chosen due to its thin profile
and ability to easily be designed for a particular application with very little difficulty and at a
low cost. Also, flexible film heaters can be custom made to any size to fit within the BLDS. We
determined the proper resistance from wind tunnel test projections.
Screws: The screws selected for this application are all stainless steel due to the outdoor
environment that this device will be operating in. The countersunk screws will need to have
their head height machined down to be fully recessed into their positions.
TopLock Nuts: These self-locking nuts will retain the RAT to the existing BLDS housing. They
were chosen because they will not vibrate loose easily and are low profile.
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Manufacturing
The order of operations within each of the below subgroups has been specified so as to eliminate any
process conflicts. Although most of the components are to be purchased from or manufactured by
other companies, some machining and the final assembly will be carried out by AeroRAT team
members.
Fan Cowling, Turbine Blisk, and Mounting Plate
Investment casting, also known as precision casting or lost wax casting is being used to manufacture
the Fan Cowling, Turbine Blisk, and Mounting Plate. This casting technique is capable of producing
very intricate, high precision components that are not possible with most other metal casting
methods. To prepare the investment molds, patterns (positives) were built using a rapid prototyping
(RP) process, Stereolithography (SLA). They are shown below in Figure 25.

Figure 25 3 Rapid Prototype Sets of Micro-RAT Components

The RP patterns were built at 100.8% scale to account for shrinking in the casting process. These
patterns had all of the necessary gates and risers glued on by the casting company to the shape of
the component to be cast. This pattern is coated with slurry consisting of the refractory and a binding
agent. The coated pattern is further built up by backing with coarse-mesh zirconium and the
investment is then air-dried. The air-dried investment is recoated with slurry of coarse zirconium, the
binder, and a hardening agent. The investment is again air-dried, after which it is heated to remove
the pattern. The mold is fired at 1500 to 1600°F (810 to 870°C) for one to two hours and air-cooled.
During the casting process, the molten metal must be protected from hydrogen and nitrogen
embrittlement. Metal is then poured from the furnace into the mold cavity and allowed to solidify.
The mold is expendable and is stripped from the casting by shock and vibration. The metal casting
process will be completed by Rapid ProtoCasting Inc. Figure 26 contains photos of initial castings with
obvious defects. Due to casting issues, we did not receive acceptable parts to machine prior to
completion of this report. Anticipated machining requirements will be discussed.
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Figure 26 Initial Blisk and Cowling Castings

Following the casting process, the parts will be bead blasted to increase the visual quality and
smoothness of the components' surfaces. Regions such as the recess for the motor/generator, and
the clearance region for the Turbine Blisk in the Cowling are to be cast with an extra allowance of
material. This allowance will be machined off following casting to ensure a high precision fit. Other
details such as screw holes will be machined following casting as well. This machining will take place
at one of Cal Poly's facilities with the use of a mill and lathe. Special tooling has been purchased to
complete machining.
The Turbine Blisk will need to be balanced for operation at high speed (up to 50,000rpm). To
accomplish this, the rotor assembly (Rotor Blisk, Magnets, Retention Plug, balancing ring, and
bearings will be pre-assembled). This unit will be sent out to be balanced at a machine component
balancing vendor (TBD).
Assembly
First, The Motor/Generator will be disassembled and the shaft, bearings, end caps, and wiring will be
discarded. The stator housing will machined so it fits into the nacelle on the Turbine Cowling.
The Retention Plug and Rear Bearing will be slid onto the Turbine Blisk and secured with a retaining
clip. The Rotor Magnets will then be epoxied onto the shaft followed by a small balancing ring. The
Front Bearing will be slid into its seat in the Turbine Cowling. Wires will be run through the turbine
cowling and attached to the Motor/Generator's stator windings. Rotor will then be slid into the
nacelle on the Turbine Cowling and with Loctite applied to the threads the Retention Plug will lock
the assembly into place.
Finally, the micro-RAT, Controller, and Heater will be connected together and assembled into the
BLDS housing.
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Maintenance and Safety
Our heating system for the BLDS has been designed as three main parts once completely assembled.
The RAT assembly within the cowling, power controller, and film heater will be able to be separated
simply by severing the wiring connecting them if needed to replace either of the electrical
components. The turbine blisk and motor will be set within the cowling and as such they will not be
able to be removed easily so that they remain stable during flight. The blisk should be carefully
inspected prior to each flight since any imbalance can cause tremendous problems for the motor. All
electrical connections and fasteners should also be inspected prior to any flight tests.
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Verification
Although we were unable to finish a final product from our final design before the completion of this
report, we were able to verify our design for power output. We verified the power output with a test
very similar to the RAT proof of concept test. Fo
Forr this verification test, we built an RP cowling with an
integrated attachment to match the sting in the Cal Poly Mechanical Engineering 2’ x 2’ wind tunnel.
We also built up a set of 15 turbine rotors without shafts, but each had a cavity instead so it could
co
be
secured to the generator shaft. All parts were built at Cal Poly using the SLA RP machine. We
machined a small adapter to interface the rotor to the shaft. A Cad model of the
he test assembly can be
seen below in Figure 27. The unaltered Maxon brushles
brushlesss DC motor was placed in the cowling and
semi-permanently
permanently secured using a pair of drill rods. The adapter and rotor were the attached to the
generator shaft. The adapter allowed for quick switching of rotors throughout the test.

Rotor Adapter
Cowling

Maxon Motor
(Generator)

Rotor
Sting Attachment

Figure 27 CAD model cross-section of test assembly

The RAT assembly was placed on the sting for the duration of the testing and rotors were switched as desired.
The wiring from the generator was fed out of the wind tunnel and connected to a rectifier. Two DC leads from
the rectifier were connected to a variable resistor known as a rheostat. Having a variable resistor allowed us to
generate power curves for each rotor
otor that we tested. The power curves for a select group of rotors are shown
on the next page in Figure 28. These curves represent the power capabilities of the rotors for operating wind
speed of 165 ft/s and dynamic pressure of 32 lb/ft2. Once we determined
ned the efficiency of each rotor as it
pertains to these curves, we were able to project the power curves to our design point. Our design point has a
wind speed of 400 ft/s and a dynamic pressure of 75 lb/ft2. The product of these two conditions is known as
a
wind energy flux. By multiplying the design wind energy flux and our rotor area and accounting for the rotor
efficiency we were able to predict the power outputs of each rotor at our design point. The power curve
projections are shown in Figure 29 on the next page. Recall that our power output goal was 50 W.
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Power Curves of Sample Rotors

12

Power Output to Load (W)

11
10
9
8
Rotor 1
Rotor 5
Rotor 6
Rotor 10
Rotor 13
Rotor 17

7
6
5
0

5

10

15
20
25
Load Resistance (Ω)

30

35

40

Figure 28 Power curves at 165 ft/s and 32 psf

Power Curves at Design Point
70

Maximum Power
Achievable: 65 W

Power Output to Load (W)

65
60
55

Required
Power Output

50
45

Rotor 1
Rotor 5
Rotor 6
Rotor 10
Rotor 13
Rotor 17

40
35
30
0

5

10

15

20

25

30

35

40

Load Resistance (Ω)
Figure 29 Projected Power Curves
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Chapter 8: Conclusion
The heating system will be used to maintain an acceptable temperature at altitude for BLDS tests.
Temperature regulation is needed to ensure proper functionality of the electrical components and
sensors as well as to improve battery life.
This design report contains the design for a heating system that we, Team AeroRAT, are proposing
for the BLDS currently in use by Dr. Westphal and Northrop Grumman Corporation. A prototype has
been built and tested in a low speed wind tunnel at off design conditions. The results were
extrapolated to the design points and determined to meet the requirements. The design was finetuned based on the plastic prototype used in for testing and steel castings are being made. The final
device should meet or exceed all specifications.
Wind turbines this small are not common in industry which presented several challenges to the
team. Not only did it limit design references and resources but most of the rotor design was done
through testing. Since the final product is so small and operating at such high speeds, the material
needed to be strong and light. For cost reasons, steel was chosen and we encountered problems
getting the small geometries cast correctly. A complete set of usable parts was not obtained until the
third run of castings. We recommend casting the device in titanium if this device is to be used in
production which will greatly reduce the weight.
We would like to remind the user that in order for the system to operate properly, insulation will
need to be added to the BLDS unit. Design of insulation was taken out of the scope of this project but
without it, the heat generated will be quickly removed due to the open bottom of the BLDS and
aluminum housing with high thermal conductivity.
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Appendix A: QFD Table
Table 6: QFD Table

Power Output

5

Thermally Insulated

4

Aerodynamic

3

Self-Powered

4

Small Size

3

Operating Wind Speed

5

Stick-On

4

Operating Altitude

5

9

9

9

9

3

9

9

Heating Element < 8 in²

5

Operate Down to -56°C

Operating Temperature

> -20°C Internally

9

> 50 Watts

5

< ? Pounds Drag Force

< 100 grams

Lightweight

Dynamic Pressure 75 psf

Weighting

Customer
Requirements

BLDS Heating System

> 30,000 ft

Engineering
Requirements

1

9

3

3
9
1

1

9

9
3

3
9

3

Legend:
9 = Strong Correlation
3 = Marginal Correlation
1 = Minimal Correlation
Blank = No Correlation
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Appendix B: Heat Transfer Analysis (Flat Plate Model)
Values

ρ = 0.0008 slug
u = 400 ft

ft 3

s

L = 0.453 ft = 0.13818 m

µ = 3.009 x10 −7 slug ft ⋅ s
k air = 0.0204W

m⋅K

A = 0.0271m 2

t alum = 0.002032m
k alum = 250W

m⋅K

t plastic = 0.001m

k plastic = 0.5W

m⋅K

Nu = 0.0296 * Re 4 / 5 * Pr 1 / 3

Re =

ρ *u * L
=
µ

0.0008 slug

* 400 ft * 0.453 ft
s
ft
= 482132
3.009 x10 −7 slug 3
ft
3

Nu = 0.0296 * 482132 4 / 5 * 0.7411 / 3 = 942 .8

Nu =

hL
k

W
Nu * k 942.8 * 0.0204 m ⋅ K
h=
=
= 139.2W 2
m ⋅K
L
0.13818m
Rconv =

1
=
h * A 139.2W

1
m2 ⋅ K

* 0.0271m

2

= 0.2651 K

W
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R Alum =

t
0.002032m
=
= 0.0003 K
2
W
k * A 250W 2
* 0.0271m
m ⋅K

RPlastic =

R Air =

Appendix B: Heat Transfer Analysis

t
=
k * A 0.5W

0.001m
m2 ⋅ K

* 0.0271m

2

= 0.0738 K

W

t
0.001m
=
= 1.809 K
2
W
k * A 0.0204W 2
* 0.0271m
m ⋅K

For no insulation for 50 degree change:

∑ R = 0.2654
q=

∆T
50 K
=
R
0.2654 K

= 188.4W
W

With bag and still air for 50 degree change:

∑ R = 2.148
q=

∆T
50 K
=
R
2.148 K

= 23.3W
W
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Appendix C: Actuator Disk Analysis
Values

U 0 = 400 ft

s

1
U 4 =   * U 0 = 133.3 ft
s
3

A p = 1.095in 2

ρ = 0.0009375 slug

ft 3

Power Available in the Wind
PWIND


ft
 400 s
 U 03  

slug
2


= ρ * Ap * 
 1.095in 
 =  0.0009375
ft 3 
2

 2  


(

)

3


  1 ft 2 
= 228 ft ⋅ lb = 310W

2 
s
 144in 


Power Achievable by Wind Turbine
PWT

PWT

PWT

U +U0
= ρ * Ap *  4
2


2
2
 U 0 − U 4

2







2
 133.3 ft + 400 ft  400 ft
− 133.3 ft




slug
2  1 ft
s
s
s
s
=  0.0009375
3  1.095in 

2 
ft
2
2


144in 



= 135 ft ⋅ lb = 183W
s

(

)

2

2







ρ
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Appendix D: Blade Element Theory
ROTOR PARAMETERS
N
4
RPM
50000
n
833.3
omega
5236.0
D
0.0984
u0
u0
J
delta-r
rho
Nu
Re

272.7272727
400
4.87804878
0.00984
0.0009375
9.88E-05
53117.40891

ELEMENT PARAMETERS
r
0.034
ft
rad
ft

theta
c

BLADE ELEMENT
ANALYSIS
a
b
ft/s Va

1.039
0.013

-0.036
-0.060
385.6

these parameters apply to all
elements
number of blades
prop rotation rate, rev/min
rev/s
rad/s
ft
far-upstream air speed (flight speed for prop/plane)
mph
ft/sec
advance, diameters per rev
blade element radial length, ft
air density, slug/ft3

these parameters could be different for
each element
radius to center of blade element
blade element geometric pitch
angle
chord of blade element

guessed values of axial and
tangential inflow factors
axial flow velocity for element
tangential rotor speed of blade element
center
tangential flow velocity at blade
element
velocity magnitude at blade
element
flow angle rel. to tangential
angle-of-attack: flow angle rel. to blade
element
relative dynamic pressure
enter values of section lift and
drag coefficients into these cells

4
50000
833.3
5236.0
0.0984

3
50000
833.3
5236.0
0.0984

272.7273
400
4.878049
0.00984
0.000938
9.88E-05
53117.41

272.7273
400
4.878049
0.00984
0.000938
9.88E-05
53117.41

0.034

0.034

1.039
0.013

1.039
0.013

-0.020
-0.070
392.0

-0.014
-0.050
394.4

180.4

180.4

193.0

189.4

436.9
1.11

437.5
1.12

-0.07
89.49
-0.500
0.030
0.011451
0.000693

ft/s

Omega*r

180.4

ft/s

Vt

191.2

ft/s
rad

Vr
phi

430.4
1.11

rad
psf

alpha
qr
c_l
c_d

lbf
ftlbf

deltaT

-0.013961

thrust on blade element

deltaQ

-0.000796

torque on blade element

a'
b'

-0.022665
-0.08206

want a'=a and
b'=b

-0.018
-0.071

-0.08
89.73
-0.540
0.040
0.009377
0.000562
0.014883
-0.05748

Blade element power

-4.921

-3.991

W

-0.07
86.83
-0.600
0.050

-5.652
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Appendix E: Generator Calculations
Values

I 0 = 222mA
I A = 33.5 A

k m = 5.50 mNm

A

U = 24V
I = 2.71A
M H = I A * kM

1
1
M =   * M H =   * I A * k M = 26.32mNm
7
7

M R = k M * I 0 = 1.22mNm
Maximum Efficiency of the Motor

η max


= 1 −



I0
IA

2

2




 = 1 − 222mA  = 84.4%


33.5 A 



Efficiency Curve of the Motor

η=

n * (M − M R )
30000
U *I

n=

30000 *η * U * I 30000 * 0.844 * 24V * 2.71A
=
π * (M − M R )
π * (26.32mNm − 1.22mNm )

π

*

Operating Speed at Maximum Efficiency

n = 20,884 rpm
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Appendix F: Generator Test Results
Team Aero RAT
Wind Tunnel Test 3/9/09
Drag
3.94
3.89
3.82
3.73
3.60
3.43

Wind Tunnel Freq (Hz)
10
15
20
25
30
35

Grey, 2-Blade
Pressure
I (mA)
0.16
69.1
0.38
112.0
0.69
153.0
1.09
192.9
1.57
230.2
2.15
266.4

Drag
3.80
3.68
3.47
3.13
2.53
1.80

Wind Tunnel Freq (Hz)
10
15
20
25
30
35

Helicopter 2-Blade
Pressure
I (mA)
0.18
57.5
0.40
94.4
0.71
137.1
1.11
189.3
1.60
231.3
2.17
259.1

Volts
1.90
2.98
4.04
5.10
6.09
7.03

Motor Speed (Hz)
73.0
118.0
162.0
204.0
243.9
282.2

Volts
1.42
2.33
3.39
4.64
5.65
6.38

Motor Speed (Hz)
60.8
99.8
145.2
199.9
244.9
(Data not available)

Team AeroRAT
Die Grinder Test 4/16/09
LOADED GENERATOR TEST - 12.7 Ω
Voltage (V)
9.67
15.06
20.15
25.14
30.87
34.63

freq (Hz)
313
475
640
786
970

Speed (RPM)
18780
28500
38400
47160
58200

Power (W)
30.46
78.31
141.25
218.72
331.24
412.79

Current (A)
3.15
5.20
7.01
8.70
10.73
11.92

Power (W)
31.98
76.65
138.06
215.09
312.33
420.82

Current (A)
3.24
5.12
6.91
8.79
10.38
12.02

LOADED GENERATOR TEST - 10.1 Ω
Voltage (V)
9.87
14.97
19.98
24.47
30.09
35.01

freq (Hz)
326
484
640
795
961

Speed (RPM)
19560
29040
38400
47700
57660
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Appendix G: Detail Drawings
Sheet 1: Top Level Assembly (RAT, Power Controller, Heater, Thermocouple) ....................................................................... 52
Sheet 2: RAT Sub-Assembly....................................................................................................................................................... 53
Sheet 3: Rotor Sub-Assembly .................................................................................................................................................... 54
Sheet 4: Turbine Cowling .......................................................................................................................................................... 55
Sheet 5: Turbine Blisk ................................................................................................................................................................ 56
Sheet 6: Turbine Mounting Plate .............................................................................................................................................. 57
Sheet 7: Retention Plug ............................................................................................................................................................. 58
Sheet 7: Balancing Ring ............................................................................................................................................................. 59
Sheet 7: Generator Stator ......................................................................................................................................................... 60
Sheet 7: Generator Magnet ...................................................................................................................................................... 61
Sheet 7: Ball Bearing #1............................................................................................................................................................. 62
Sheet 7: Ball Bearing #2............................................................................................................................................................. 63
Sheet 7: Internal Retaining Ring ................................................................................................................................................ 64
Sheet 7: External Retaining Ring ............................................................................................................................................... 65
Sheet 7: 4-40 UNC Socket Set Screw ......................................................................................................................................... 66
Sheet 7: 6-40 UNC Socket Set Screw ......................................................................................................................................... 67
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Sheet 7: 6-32 x 1/4 in Flat Head Screw ..................................................................................................................................... 68
Sheet 7: 8-32 x 5/16 Flat Head Screw ....................................................................................................................................... 69
Sheet 7: Wiring Harness ............................................................................................................................................................ 70
Sheet 7: Power Controller ......................................................................................................................................................... 71
Sheet 7: Flexible Film Heater..................................................................................................................................................... 72
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